A IV-VI ferromagnetic semiconductor Ge 1−x Cr x Te ͑x ϳ 0.06͒ with Curie temperature T C up to 180 K is grown by molecular-beam epitaxy. The magnetization is well reproduced from anomalous Hall effect. As the Te/ Cr flux ratio increases during the growth of Ge 1−x Cr x Te, the spontaneous magnetization and the magnetic anisotropy are decreased and T C is increased. On the other hand, the Te/ Cr flux ratio over 3.6 leads to formation of Cr-Te precipitations. The magnetoresistance measurements reveal that the increase of T C is attributed to the decrease of nonstoichiometric defects.
Ferromagnetic semiconductors with high Curie temperature ͑T C ͒ have attracted much attention due to an important component in the spintronic devices that utilize the polarized states of the electron spin wave function. The much work has been conduced on Mn-doped III-V alloys such as Ga 1−x Mn x As and In 1−x Mn x As, where high quality epitaxial layers have been grown with T C up to 173 K. [1] [2] [3] Recently, room temperature ferromagnetism was observed in various oxides and nitrides. The origin of the ferromagnetism in most cases is, however, far from being completely understood because of lack of the sp-d exchange interaction which is one of the most characteristic features of magnetic semiconductors. 4 This sp-d exchange interaction yields spectacular magneto-optical and magnetotransport effects. 5, 6 The epitaxial growth of IV-VI ferromagnetic semiconductors such as Ge 1−x Mn x Te and Ge 1−x Cr x Te has been reported with T C up to 140 K. 7, 8 The existence of the sp-d exchange interaction was confirmed by the x-ray magnetic circular dichroism and magnetotransport studies. 8, 9 Ferromagnetic ordering was, however, much different between them. The ferromagnetic interaction in Ge 1−x Mn x Te is of long-range type via itinerant holes like a Ruderman-KittelKasuya-Yosida mechanism, [10] [11] [12] which is less sensitive to the defects due to the large dielectric constant of IV-VI semiconductors which is relevant to the screening of the impurity potential. On the other hand, ferromagnetic interaction in Ge 1−x Cr x Te is of short-range type like a superexchange mechanism because the ferromagnetism is much sensitive to the sample quality such as stoichiometry. 13 High quality epilayers could, therefore, be necessary to realize higher T C as well as utilize the spin-polarized state into IV-VI heterostructures. In this letter, we report ferromagnetic Ge 1−x Cr x Te epilayers with T C up to 180 K grown by molecular-beam epitaxy. The ferromagnetic properties such as the magnetic moment of Cr ions, the magnetic anisotropy, T C , and the magnetoresistance depend strongly on the growth conditions.
A number of growth schemes were attempted to optimize the Ge 1−x Cr x Te layer on BaF 2 ͑111͒ substrates. Prior to the growth, the BaF 2 substrates were preheated at 600°C for 30 min. For buffer GeTe growth, a GeTe compound effusion cell was used. In situ reflection high-energy electron diffraction ͑RHEED͒ technique was used to study the growth. For the substrate temperatures ͑T S 's͒ at 200-350°C, a streaky RHEED pattern was observed for the GeTe layers with thickness above 10 nm. In this letter, the 20 nm GeTe buffer layer was grown at 350°C to avoid the parallel conductance that occurs in a thick GeTe buffer layer when the electrical measurement of Ge 1−x Cr x Te is done. For the growth of Ge 1−x Cr x Te, T S was cooled to 250°C and additional Cr and Te 2 beam fluxes were supplied by an electron beam evaporator. The flux rates were measured by a quartz crystal thickness monitor. The Cr flux rate was fixed at 0.4 Å / s and the Te flux rate was changed from 0 to 1.8 Å / s. The growth rate and the thickness of Ge 1−x Cr x Te were 1.7-2.0 Å / s and about 300 nm, respectively. Table I summarizes the samples. The Cr composition x was determined by electron probe microanalysis. For S1-S3, spotty RHEED patterns with the characteristic features of rocksalt structure were observed. The RHEED pattern showed a sixfold symmetry in the plane, implying the perfect epitaxial growth Ge 1−x Cr x Te ͓111͔/GeTe ͓111͔ / BaF 2 ͓111͔. There was no indication of the formation of second phases. For S4, there was no distinct diffraction pattern. From the atomic force microscope ͑AFM͒ measurements, the degree of roughing of surface morphology of S4 is found to be drastically increased, suggesting the formation of segregated Cr-Te nanoparticles, as will be discussed below.
The magnetization measurements were done by a superconducting quantum interference device ͑SQUID͒ magnetometer. Figure 1 shows the magnetization curves of Ge 1−x Cr x Te at 5 K. The magnetic field was applied perpendicular to the film plane. The square hysteresis loop is observed for S1 because the magnetic easy axis is along the growth direction. The inset shows the magnetization when the field was applied in the film plane. There is no distinct magnetic anisotropy of Ge 1−x Cr x Te grown using Te fluxes. The spontaneous magnetization is drastically decreased with increasing Te/ Cr flux ratio. The numbers of Bohr magneton per Cr ions deduced from the saturation magnetization were 3.77 B , 2.95 B , 2.46 B , and 1.23 B for S1, S2, S3, and S4, respectively.
In magnetic semiconductors, there is a strong interplay between magnetic and transport properties due to the sp-d exchange interaction. To measure the transport properties, a Hall-bar geometry with 1 mm length and 200 m width was fabricated by using conventional photolithography and chemical wet etching. The current direction is along one of ͓110͔ directions. The magnetization M trans derived from the magnetotransport measurements is expressed as
where Hall is the Hall resistivity, R 0 is the ordinary Hall coefficient, B is the magnetic induction, and R S is the anomalous Hall coefficient. The ordinary Hall term R 0 B was determined by the Hall measurement at room temperature. In Ge 1−x Cr x Te, R S was represented as proportional to the resistivity
, 8 which is closer to 2 for the side jump scattering mechanism in conventional ferromagnets. Figure 2 shows the temperature dependence of M trans and the magnetization measured by SQUID for S1 and S3 at 500 Oe. The magnetization is well reproduced from the anomalous Hall effect, implying strong exchange coupling between d electrons and the host valence band. T C determined by the extrapolation of the main part of the curves, as denoted by the arrows in Fig. 2 , are 160, 180, and 175 K for S1, S2, and S3, respectively. It is hard to determine T C of S4 because of a concave nature with fuzziness transition from ferromagnetic to paramagnetic, implying an inhomogeneous ferromagnetism due to the precipitations. Figures 3͑a͒ and 3͑b͒ show the anisotropic magnetoresistance ͑AMR͒, which is MR depended on relative orientation of the current and the magnetic field, for S1 and S3, respectively. MR ratio was defined as ⌬R / R = ͓R͑H͒-R͑0͔͒ / R͑0͒. The current flowed along the ͓110͔ direction and the magnetic field was applied along either the ͓110͔, ͓112͔, or ͓111͔ direction. Two contributions to MR can be distinguished: one is a negative MR at high fields greater than the saturation field due to suppression of spindisorder scattering, which is independent of the external field direction, and the other is AMR at low fields which is attributed to the spin-orbital interaction. While S1 and S3 show similar negative MR at high fields, the behavior at low fields is much different between them. AMR which is similar to that of the conventional ferromagnets is observed for S3. On the other hand, S1 shows an isotropic negative MR even at the low fields. Since both AMR and the magnetic anisotropy originate from the spin-orbital interaction, 15 a correlation between two effects could be expected. AMR of Ge 1−x Cr x Te increases with decreasing the anisotropy, as reported for Ga 1−x Mn x As. 16 Note that MR ratio of S1 is much larger than that of S3 while the resistivity is not drastically changed. This suggests that MR of S1 is mainly caused by spindisorder scattering even at low fields because defects such as nonstoichiometry could act as a scattering center. These defects could also contribute to the decrease of T C .
In summary, we have grown IV-VI ferromagnetic semiconductor Ge 1−x Cr x Te with T C up to 180 K on BaF 2 substrates by molecular-beam epitaxy. The adequate Te/ Cr flux during the growth gives rise to the increase of T C . Theoretical study suggested that Ge 1−x Cr x Te is a half-metallic ferromagnet, 17 and the recent progress of IV-VI epitaxial growth technique allows us to realize efficient midinfrared ͑IR͒ diode laser with continuous wave ͑cw͒ operating up to 223 K ͑Ref. 18͒ and vertical cavity surface-emitting lasers 
